In this paper, we report the Y2 ordering induced changes in the crystal field splitting, spin-orbit splitting and band gap for Al x Ga 1−x As, Ga x In 1−x As, Ga x In 1−x P, GaAs x Sb 1−x and InP x Sb 1−x using first-principles calculations. These values and the valence band splittings E 12 , E 13 for these materials are provided as a function of the ordering parameter η. The trends of these properties among materials are explained. The optical fingerprints of Y2 ordering are then compared with those of other available structures and the experimental data.
Introduction
Spontaneous Y2 ordering of isovalent A x B 1−x C semiconductor alloys has been observed in vapor phase growth of some III-V systems [1] [2] [3] [4] [5] [6] . However, the fundamental properties of this ordering have not been systematically studied. The ordered phase consists of alternate cation monolayer planes A x+η/2 B 1−x−η/2 and A x−η/2 B 1−x+η/2 stacked along the [1 1 0] direction, where 0 η 1 is the long range order parameter. η = 1 corresponds to the fully ordered phase (figure 1(a)) and η = 0 corresponds to the fully disordered phase. The degree of ordering depends on the experimental conditions, such as, the growth temperature and pressure, growth rates and substrate orientation etc.
When a zincblende disordered alloy forms the longrange ordered Y2 phase, the unit cell is increased and the Brillouin zone is reduced. The point group symmetry is changed from T d to C 2v . These lead to a series of experimental observable changes in materials properties, including a new photoluminescence and electroreflectance peak [1, 5] , new x-ray diffraction spots at (1/2, 1/2, 0) [2, 4] , new pressure deformation potential [7] and the shift of absorption edge [2] . In this work, we focus on the changes of optical properties near the absorption edge. These changes are due to the fact that, in the ordered phase, the , X and points in the zincblende binary constituents all fold into the point at the Y2 Brillouin zone ( figure 1(b) ). These folding relations couple the states that have the same symmetry and this coupling splits the degenerate states in the random alloys.
In the absence of spin-orbit (SO) splitting, the valence band maximum (VBM) of the random alloy is a triply degenerate state with 15v symmetry ( figure 2(a) ). In Y2 ordering, this state splits into a single state 1v and a doubly degenerate state. The doubly degenerate state splits further into two single states 2v and 3v due to the yet lower symmetry ( figure 2(b) ). In the presence of SO splitting, the amount of splitting becomes more significant.
The valence band splittings can be expressed, in terms of the energies of the top three valence band states, E 1 ( 1v ), E 2 ( 2v ) and E 3 ( 3v ), as follows:
Using the Hopfield quasicubic model [8] , E 12 (η) and E 13 (η) for Y2 ordering are given by
where SO (η) is the SO splitting and CF (η) is the orderinginduced crystal field (CF) splitting in the absence of SO splitting. CF (η) is defined to be negative if the doubly degenerate state is below the single state. In the literature, Y2 ordering has been observed in five ternary compounds [1] [2] [3] [4] [5] [6] , i.e. Al x Ga 1−x As, Ga x In 1−x As, Ga x In 1−x P, GaAs x Sb 1−x and InP x Sb 1−x . Here we report the optical fingerprints, including valence band splittings and band gap narrowing (the ordering induced band gap reduction relative to the random alloy),
, of these five Y2 ordered compounds at partial and full degree of ordering. We will point out the physical factors that affect the optical fingerprints. Properties of materials in Y2 ordering will also be compared with properties of these materials in other observed orderings. Our calculated data can be useful in analyzing experimental observations and deriving the ordering parameters of partially ordered samples.
Method of calculation
The band-structure calculations are performed within the firstprinciples density functional formalism as implemented in the projector augmented wave method [9] . For the exchangecorrelation potential, we use the generalized gradient approximation (GGA) of Perdew and Wang, known as PW91 [10] . The cutoff energies and size of k points are tested to ensure the total energies converge within 0.1 meV per atom. The Ga 3d and In 4d states are treated on the same footing as the other s and p valence states. The lattice constants of the alloys are determined from the linear interpolation of the experimental values [11] of the binary compounds.
Results and discussion
For a spontaneously formed partially ordered semiconductor alloy with η 1, the physical properties P (x, η), such as, the CF splitting CF (η), the SO splitting SO (η) and the band gap E g (η), at composition x can be described by [12] 
This equation shows that the property P (x, η) of a semiconductor alloy A x B 1−x C can be calculated by (i) the corresponding properties P (x, 0) of the random structure at the same composition x, (ii) the degree of ordering η, and (iii) the difference of the property, P (X σ , 1) − P (X σ , 0), between the fully ordered structure and random structure at composition X σ = 0.5. According to equations (1)- (3), if the valence band splitting, E 12 (η), E 13 (η), and band gap, E g (η), are known independently, for example, from electroreflectance or photoluminescence spectrum, the SO splitting SO (x, η) and CF splitting CF (x, η) can be derived according to equation (2) . Then our theoretically calculated differences in the SO splitting, is proportional to the valence band offset and inversely proportional to the difference between the symmetric energy levels of binary constituents [14] . The band offset of a semiconductor alloy AB x C 1−x refers to the relative alignment of the valence band maxima of the corresponding constituents AB and AC. This can explain the trend in CF splitting. For example, the band offset [15] between GaAs and GaSb for GaAs 0.5 Sb 0.5 (0.57 eV) is much larger than that between GaAs and InAs for Ga 0.5 In 0.5 As (0.06 eV). Therefore, the perturbation and CF splitting in the valence bands are larger in GaAs 0.5 Sb 0.5 than in Ga 0.5 In 0.5 As. Note that the band offset between AlAs and GaAs for Al 0.5 Ga 0.5 As is rather large (0.51 eV). It still, however, has the smallest [ CF (1) − CF (0)] at point of its Brillouin zone, as shown in table 1 and figure 3(a) . This is because Al 0.5 Ga 0.5 As compound has an indirect band gap in this ordering. (iv) The band gap narrowing E g (η) increases with the increasing of the alloy lattice mismatch between the binary constituents, as shown in figure 3(b) . For example, the lattice mismatch between the binary constituents for Al 0.5 Ga 0.5 As and Ga 0.5 In 0.5 As are 0.14% and 6.92%, respectively, smaller than that of 9.88% between InP and InSb for InP 0.5 Sb 0.5 compound. During the formation of the lattice mismatch alloys, the structure relaxation tends to shift the charge from the long bond to the short bond and thus reduce the repulsion between the symmetric energy Numerous studies [16] [17] [18] [19] on the ordering of the alloy Ga 0.5 In 0.5 P have reported the CuPt (CP, R3m) structure and, however, ignored the Y2 ordering. This is due to the similarity between CuPt and Y2 orderings. They are built from the same (0 0 1) plane and differ only in the stacking of the subsequent planes. In fact, some reports [20, 21] have mistakenly attributed the extra features in the spectra originated from Y2 ordering into CuPt ordering. Moreover, the small difference between the formation enthalpies of CuAu-I (CA, P4m2) and Y2 ordering in some alloys may also cause the co-existence of CA and Y2 orderings [4] . In view of these facts, we compare the optical fingerprints of Y2 ordering with those of CA, CP and chalcopyrite (CH, I42d) structures. The structure information of CA, CP and CH orderings can be found in [14] . Results are listed in table 2. We find the following.
(i) Relative to other orderings, Y2 ordering has large and negative CF splitting CF . As it has been highlighted before, the ordering separates the triply degenerate states in random alloy into a single state and a doubly degenerate state. In CA and CP orderings, the doubly degenerate state is above the single state, resulting in a positive CF splitting. However, in CH and Y2 ordering, the doubly degenerate state is below the single state, resulting in a negative CF splitting. In Y2 ordering, the doubly degenerate state splits further into two single states. Due to the smaller difference in the symmetric energy levels of the binary constituents in Y2 ordering than in CH ordering, the CF splitting is larger in Y2 ordering. (ii) The bowing parameter of SO splitting is negative in Y2
ordering. The compositional variation of the SO splitting for alloy A x B 1−x C can be fitted to the form:
where, SO (x) is the concentration-weighted average SO splitting. SO splitting reflects the way that bonding in solids redistributes the charge around the atomic cores of the constituents [22] . The sign of the SO splitting bowing parameter reflects the alloy environment acting to enhance or diminish the magnitude of SO splitting beyond the linear average of the constituents. Our calculation shows that formation of Y2 ordering enhances the magnitude of SO and yields a negative SO splitting bowing parameter b( SO ). This is in contradiction with the results of most early experimental measurements [23, 24] , but consistent with more recent data [25] [26] [27] . The negative sign of b( SO ) is also proposed, by Wei et al [28] , for the other CA, CH and CP orderings of GaAs 0.5 Sb 0.5 compounds and this upward concave bowing is attributed to the intraband p-p coupling.
Comparison with experiment
Using the electroreflectance spectroscopy method, Kurtz [1] found an anomalous peak at about 2.2 eV in spontaneously ordered Ga 0.5 In 0.5 P alloy. This peak is attributed to the X point folding to point in the first Brillouin zone due to the Y2 ordering. According to our calculated band structures, this peak corresponds to the transition (denoted as A in figure 2(b) ) from the second and third VBM states to the second conduction band minimum state. Our calculated value for transition A is 2.27 eV, in good agreement with the experimental result of 2.2 eV. The band diagram, produced by Kurtz [1] , using virtual crystal approximation method, suggests that Y2 ordering in Ga 0.5 In 0.5 P will result in a band gap narrowing of 0.17 eV. This value is close to our GGA calculated data of 0.202 eV. Using transmission electron microscopy and photoluminescence methods, Gomyo et al [2] reported a band gap narrowing of 0.05 eV for Ga 0.5 In 0.5 P due to the partially Y2 ordering. According to our calculations, the sample should have ordering η around 0.5.
Our calculated values of valence band splittings, E 12 (1) = 0.091 eV and E 13 (1) = 0.169 eV, for fully Y2 ordered Ga 0.5 In 0.5 P are consistent with the results, 0.10 and 0.15 eV, reported by Lee et al [29] . The calculated values of CF splitting and SO splitting are also in good accord with the available experimental results. For example, the reported [23, 30] SO splitting for Ga 0.5 In 0.5 As are 0.345 and 0.33 eV while our calculations obtained 0.343 eV. The calculated bowing parameter of SO splitting for Ga 0.5 In 0.5 P is -0.053 eV. This value is very close to the measured result of -0.05 eV using the electroreflectance and wavelength modulation methods [25] .
Recently, Wu et al [3] reported the observation of Y2 ordering in InP 0.52 Sb 0.48 . Using reciprocal space mapping and extended x-ray absorption fine structure method, they found the structure parameter c/a = 1.009. This is considerably larger than our predicted value of 0.997 (not listed) for InP 0.5 Sb 0.5 . However, they find that the strong distorted In-P and In-Sb bonds prevent the crystal lattice from full relaxation. This may explain the difference between our calculated result and their measured value.
Summary
We have calculated the Y2 ordering induced changes in the optical fingerprints, including crystal field splitting, spin-orbit splitting, band gap and valence band splittings, for Al x Ga 1−x As, Ga x In 1−x As, Ga x In 1−x P, GaAs x Sb 1−x and InP x Sb 1−x using first-principles calculations. These values for the five materials are provided as a function of the degree of long range order η. For the partially ordered samples, we explain the trends of the changes in the crystal field splitting and band gap narrowing. The change of spin-orbit splitting is found to be positive and small. For the fully ordered samples, we compare Y2 with other orderings and find that Y2 has a large and negative crystal field splitting and negative spinorbit bowing parameter. Our calculated data can be useful in analyzing experimental results and deriving the ordering parameters of partially ordered samples.
